Introduction
Non-indigenous ungulate species are thought to pose a threat to biodiversity. They might hybridise with indigenous ungulates (Goodman et al., 1999) , compete with several taxa (Baccus et al., 1985; Cô té , 2005) , host foreign pathogens and parasites (Meltzer, 1993; Cunningham, 1996) and alter ecosystem functioning (Wardle et al., 2001; Bayne et al., 2004) . By contrast, the ecological benefits of translocations include reintroductions and restocking (Griffith et al., 1989) , enhancement of genetic diversity of inbred populations (Moritz, 1999; Storfer, 1999) , restoration of ecosystem function by the controversial process of 're-wilding' (Donlan, 2005; Zimov, 2005; Rubenstein et al., 2006) , and assisted migration to mitigate climate change (Hoegh-Guldeberg et al., 2008) . Likewise, substantial economic benefits from ungulate introductions have also been realized (e.g. from hunting Hofer, 2002; Loveridge et al., 2006) .
Despite introduced ungulates having both costs and benefits, and being counted among the most invasive species globally (Lowe et al., 2000) , little research has been done in the last two decades to quantify introduction and translocation patterns and impacts. Indeed, over this period, only c. literature on the realized effects of ungulate introductions, most of which concern impacts on vegetation (see supplementary methods and results in the electronic Supplementary material). Furthermore, little information exists on propagule pressure (frequency and number of individuals introduced) (though see Forsyth and Duncan, 2001; Forsyth et al., 2004) , the pathways of ungulate introductions (though see Lever, 1985; Long, 2003) , and the extent to which plausible conservation concerns are being realized (though see Dolman and Wä ber, 2008) . This general scarcity of information is true also for those countries, such as the United States (Butler et al., 2005) , and South Africa, that have substantial numbers of introduced ungulates and active translocation programmes.
Although South Africa is rich in indigenous ungulates (Skinner and Chimimba, 2005) , it has a substantial history of ungulate introductions, and extralimital translocations of indigenous ungulates (e.g. Lloyd and Millar, 1983; Brooke et al., 1986) , often for financial reasons (Castley et al., 2001; Lindsey et al., 2006) . Nonetheless, concerns have frequently been raised about the potential conservation implications of these actions (e.g. Brooke et al., 1986; Bothma, 2005) . Indeed, laws to regulate the translocation and introduction of large mammals have recently been enacted (National Environmental Management: Biodiversity Act: Anon., 2004). However, the game and hunting industries have questioned these regulations and are of opinion that evidence for the negative impacts of non-indigenous ungulates in South Africa is limited (S.L.C. personal observations at Ministerial Stakeholder meeting, February 2007). For this reason, and because of relatively accessible information on introductions and translocations (e.g. Penzhorn, 1971) , South Africa makes an excellent case study for quantifying the extent of ungulate translocations and introductions, investigating the pathways involved, and determining the extent to which proposed conservation problems associated with introductions have been realized. Therefore, the aim of this study is to address these questions using the South African situation as an exemplar. To do so we adopt several approaches. First, to assess the extent of introductions in South Africa relative to the global situation, and the extent to which species introductions are influenced by indigenous species richness (the rich get richer hypothesis -see Stohlgren et al., 1999) , we examine the relationship globally between numbers of indigenous and introduced ungulates within countries. Next, we investigate temporal trends in ungulate introductions into the country to determine whether rates of introduction and translocation are increasing, whether zoos might serve as a pathway for introductions, and the distances over which ungulate translocations have taken place. To determine the extent to which proposed impacts have been realized by these introductions, we assess documented, rather than hypothesized, impacts of ungulate introductions in South Africa, and the extent of change in geographic range size that has been a consequence of translocations. The latter is especially significant given that much emphasis, both in South Africa (Erasmus et al., 2002) and globally (Thomas et al., 2004; Parmesan, 2006) , has been placed on climate change-effected alterations of geographic range size. However, for widely traded species, range alterations through direct human actions may be as extensive as those that are predicted to be caused by climate change. Finally, areas of potential conservation concern are identified based on high levels of introduction activity and potential impacts.
Methods
This study focuses on the orders Artiodactyla and Perissodactyla (following Wilson and Reeder, 2005) . Although this is a polyphyletic grouping (e.g. Bininda-Emonds et al., 2007) it is useful because the ungulates are typically considered distinct from other taxa, especially by the hunting industry, which is responsible for many translocations (Castley et al., 2001; Long, 2003) .
Ungulate introductions globally
To determine whether indigenous ungulate species richness plays a role in the numbers of ungulate introductions, indigenous ungulate species richness data were obtained for countries globally from Wilson and Reeder (2005) , and for introduced ungulates from Siegfried (1962) , Lloyd and Millar (1983) , Lever (1985) , Brooke et al. (1986) , Mungall and Sheffield (1994) , Castley et al. (2001) , Forsyth and Duncan (2001) , Hofer (2002) , Long (2003) , Dryden and Craig-Smith (2004) , Forsyth et al. (2004) , and Wilson and Reeder (2005) . These data were supplemented with data collected from internet searches for non-indigenous ungulate species offered for hunting in countries globally, using country and species names as search terms in Google TM . We recognize that the absence of a listing in any one of the above publications or on the internet does not necessarily mean the species is absent from a country. However, in keeping with many macroecological studies we assume that absence data reflect real absences (the problems with this assumption and the need for making it have been widely discussed, see e.g. Gaston and Blackburn, 1999; Rondinini et al., 2006) . The relationship between the number of introductions and indigenous ungulate species richness for countries globally was assessed using a generalized linear model (Poisson distribution, log-link function), corrected for over-dispersion, implemented in Statistica 8.0 (StatSoft, Tulsa, Oklahoma).
Zoos as a pathway of ungulate introductions in South Africa
The transfer of non-indigenous species from zoos has been recorded as a route for ungulate introductions in various countries in the past (Lever, 1985; Long, 2003; Hulme et al., 2008) , and it appears that this phenomenon may be more widespread than previously appreciated (Spear and Chown, 2008) . To investigate the role of zoos as a pathway for or source of ungulate introductions in South Africa, zoo transfer reports from the International Species Information System (ISIS) (ISIS, 2007) were searched for non-indigenous ungulates that were sold or traded by South African zoological institutions. The number of non-indigenous ungulate species and individuals that were sold or traded from zoos in South Africa to other zoos, and to non-zoo recipients, were summed for each year from 1987 to 2006. A Mann-Whitney U test was used to determine whether significantly more non-indigenous ungulates were transferred from zoos to other zoos, or to elsewhere between 1987 and 2006.
Trends in ungulate introductions in South Africa
To investigate temporal trends in ungulate introductions in South Africa, data were compiled at a quarter-degree grid-cell (QDGC) resolution for indigenous species from Keith (2004) and for extraregional (species from outside South Africa) and extralimital (indigenous species outside their historical extent-of-occurence) ungulates from advertisements in Landbou Weekblad (Agriculture Weekly) magazine for all issues from 1965 to 2005 following the methods outlined in Spear and Chown (2008) . New advertisements of extraregional species, extralimital species, and genetic variants and hybrids were summed, for each QDGC, for each year. Spearman's rank correlations were used to assess the relationship between the number of introductions and time. Temporal autocorrelation in the data was tested for by constructing correlograms using the autocorrelation function of time series analysis in Statistica 8.0 (StatSoft, Tulsa, Oklahoma). The statistical significance of temporal autocorrelation at p < 0.05 was tested for using the method of Oden (1984) . Significant temporal autocorrelation was found in the extralimital and variant advertisement data. To assess the effect of temporal autocorrelation in the data the proportion of the data required to retain statistical significance was calculated. Due to the variation in range size (extent-of-occurrence) of ungulate species in South Africa, the area available for extralimital introductions in the country differs for each species, making direct comparisons of the number of extralimital introductions for each species inappropriate. As an alternative to direct comparisons of extralimital introductions a value of preference for extralimital introduction was calculated for each species. Preference values were calculated as the number of QDGCs where the species has been advertised extralimitally divided by the number of QDGCs available for extralimital introduction for each species.
Translocation distance
To determine the distances ungulates have been translocated in South Africa, two independent data sets were assessed. Penzhorn (1971) documented the re-introduction of ungulates into South African National Parks up to 31st December 1970. The coordinates of the National Parks and towns mentioned in the paper were used to estimate Euclidean distances of translocation using Shirokov's spherical law of cosines (Dale, 2005) . Second, permit application data were obtained from CapeNature (Western Cape (provincial) nature conservation). The permit applications were for the translocation of ungulates into, within, and out of the Western Cape, South Africa, between March 2000 and August 2006. These data provide both the origin and destination municipality of the individual(s) to be translocated, so enabling the calculation of translocation distances and the construction of a dispersal kernel for the translocated species. The centroids of municipal districts were used to estimate the Euclidean distance of each translocation as above. Data from the eight other provincial authorities in South Africa were not readily accessible.
Extent of range change
Methods for calculating range size and changes in range size have long been discussed (e.g. area-of-occupancy and extent-of-occurrence (EOO) -see Gaston, 1990 ; and the biases of minimum convex polygons -see Burgman and Fox, 2003) . Moreover, to compare the results from this study with published information on range change as a result of climate change, a method comparable to that used in climate-induced range change modelling was required. For example Erasmus et al. (2002) calculated range size as the number of QDGCs suitable for occupation by a species in South Africa before and after predicted climate change (modelled using species presence data and climate data). Bearing these factors in mind, as well as data availability, the extents of range change as a result of translocations were calculated using four different methods. An example of data used to calculate range change can be seen in Fig. 1 in the electronic Supplementary Material. For method one, maps from Skinner and Chimimba (2005) were used to determine the full (Africa-wide) historical EOO of the indigenous ungulate species, and extralimital advertisement data from Landbou Weekblad were then used to calculate the extended EOO as minimum convex polygons. The distribution maps from Skinner and Chimimba (2005) were digitised using Landserf 2.2 (www.landserf.org) and converted into ArcGIS shape files using Gen2Shp (Wagner, 2002) . The areas of each EOO were calculated in ArcMap 9.1 (ESRI, Redlands, California). Minimum convex polygons (MCPs) were created using the central points of QDGCs with extralimital advertisement data from Landbou Weekblad and the minimum convex polygon tool from Hawth tools (Beyer, 2004) . Extended EOOs were taken as the area between the boundary of the historical EOO and the extreme boundary of the MCP, clipping the MCP to the boundaries of South Africa. Change in distribution was calculated as a percentage increase in the EOO for each species. The remaining three methods used Keith (2004) as a source of historical distribution data. Keith's (2004) data only provides distribution ranges (as EOO and presence in QDGCs -QDGC EOO) for South Africa, and not for the complete ranges of the species concerned. For method two, the number of QDGCs for each species in South Africa was counted, and the number of QDGCs with advertisement data was used to calculate the extended QDGC EOO. For method three the historical EOO was calculated as a MCP using the central point of QDGCs in the QDGC data and the extended EOO was calculated using MCPs including Landbou Weekblad advertisement data. Lastly, for method four the historical and extended EOOs of the ungulate species were calculated with Alpha hulls (a = 2) (Mandal and Murthy, 1997) using the QDGC data from Keith (2004) and the Landbou Weekblad advertisement data. Alpha hulls were calculated using a customized program written in Mathematica 6.0 (Wolfram Research, Inc., Champaign, Illinois). Wilcoxon matched pairs tests (Conover, 1999) were used to compare the extent-of-occurrence before and after distribution changes as a result of translocations in all cases.
Impacts of ungulate introductions and areas of conservation concern
To assess documented, rather than hypothesized, impacts of ungulate introductions in South Africa, the literature was thoroughly examined for work concerning such impacts (see supplementary methods in the electronic Supplementary material). The impacts documented and the nature of the evidence provided was then recorded (for a similar approach see Parr and Chown, 2003) .
Due to concerns about potential ecological impacts (e.g. introgression, competition, see Section 1), introductions of extraregional, extralimital, genetic variant, and hybrid ungulates in South Africa were designated here to constitute evidence of a potential conservation concern. Other forms of conservation threat included propagule pressure (see Lockwood et al., 2005 for discussion) and the introduction of non-indigenous species that can hybridise with indigenous species. For this analysis, Keith (2004) was used as a source of historical extent-of-occurrence data.
Propagule pressure was calculated by summing extralimital species data for each year (between 1996 and 2005) a species was advertised at a particular location (i.e. a maximum value of 10 for each species). The relationships between propagule pressure and human population size, average annual income, and indigenous ungulate species richness were examined using generalized linear models (Poisson distribution, log-link function) correcting for over-dispersion. The Akaike information criterion was used to select the best model, with Akaike weight used to indicate the likelihood of a model being the best of the full set of models (Johnson and Omland, 2004) . It was assumed that propagule pressure might increase with human population density for two major reasons. First, because the probability of survival of the introduced animals is likely higher in favourable (high water and high energy) areas in South Africa (which would also mean higher indigenous ungulate species richness -see Andrews and O'Brien, 2000; Evans et al., 2004 for rationale), and high energy areas support high human population densities , the two variables might be related. Second, high human population density areas might also have a greater number of land owners able to afford the expense of ungulate purchases, in which case a relationship with average annual income might also be expected. Data to examine these hypotheses were obtained from Statistics South Africa (Statistics South Africa, 1996 .
QDGCs where introduced ungulates had potential to hybridise with indigenous species were identified. Only congeneric hybridisations were considered here, recalling that hybridisations are only problematic when they result in fertile offspring. Seven species pairs were considered, three of which included one extraregional species (see supplementary methods in the electronic Supplementary material for potential hybrid pairs).
Results

Trends, pathways, and translocation distances
For countries to which ungulates have been introduced, no significant relationship was found between the number of introduced ungulates and indigenous ungulate species richness (v 2 = 1.97, p = 0.16). South Africa was found to have introduced the second largest number of non-indigenous ungulates of any country globally, 38 compared to the United States of America's 70 (Fig. 1) . Over the period 1987-2006, a total of 500 individuals of 19 non-indigenous ungulates were reported as sold or traded from zoos in South Africa to non-zoo recipients in South Africa (Fig. 3, no sales in 1987) . More ungulate species (adjusted Z = À3.63, p < 0.001) and individuals (adjusted Z = À4.47, p < 0.001) were sold to non-zoo recipients than to zoo recipients.
Advertisements were recorded for a total of 385 out of 1816 QDGCs during the period 1965 to 2005. The number of advertisements for ungulate species increased through time between 1965 and 2005 ( Fig. 2 ; extraregionals: r s (Spearman's R) = 0.29, p < 0.001, with 34% of data p = 0.047; extralimitals: r s = 0.43, p < 0.001, with 24% of data p = 0.039 and variants: r s = 0.57, p < 0.001, with 20% of data p = 0.031). In total, the 18 extraregional ungulates (in 158 QDGCs) constituted 9% of advertisements. The most widely sold extraregional species were fallow deer (Dama dama) (98 QDGCs), water buffalo (Bubalus bubalis) (51 QDGCs), one-humped camel (Camelus dromedarius) (31 QDGCs), lechwe (Kobus leche) (28 QDGCs), and wild boar (Sus scrofa) (22 QDGCs). All indigenous ungulates were advertised for sale outside as well as inside their historical distribution ranges and accounted for 55% of advertisements. Extralimital ungulates (in 264 QDGCs) comprised 31% of advertisements. The most preferred extralimital ungulates advertised were eland (Tragelaphus oryx), gemsbok (Oryx gazella), blesbok (Damaliscus pygarus phillipsi), Burchell's zebra (Equus burchellii), and impala (Aepyceros melampus). A total of 14 different genetic variants and hybrids (in 83 QDGCs) comprised 5% of advertisements. The most widely sold variants were white blesbok (D. p. phillipsi) (31%), black springbok (Antidorcas marsupialis) (26%), and white springbok (A. marsupialis) (17%).
For the 67 location-pairs from Penzhorn (1971) the mean Euclidean distance of translocation was 483 ± 287 km. For the 621 location-pairs from the CapeNature data the mean Euclidean distance of translocation was 490 ± 18 km (Fig. 4) .
Extent of range change
Despite differences in results obtained from using different methods, all methods used indicated that the extent-ofoccurrence differed significantly after the translocation of ungulates outside their historical ranges in South Africa (each comparison gave the same result of: Z = 4.372, p < 0.001).
Method one gave a mean increase in range size of 58 ± 16%. When only using advertisement data from outside the species EOO the mean increase in range size for method two was 52 ± 49% and when all advertisement data were used, including data from inside the species EOO a mean value of 117 ± 82% was obtained. Method three gave a mean increase in range size of 159 ± 190% and method four a mean increase in range size of 187 ± 191% (Fig. 5) .
Impacts of ungulate introductions and areas of conservation concern
Few studies have clearly documented the impacts of ungulate introductions in South Africa. Indeed, only eight studies have been published despite the wide range of impacts that could have been realized, and in several of these the evidence for the impact concerned is not especially strong and might even be considered anecdotal in a few cases (see supplementary results in the electronic Supplementary material).
The best predictive model for propagule pressure included human population density, indigenous ungulate species richness and average annual income, and propagule pressure increased with increasing population density ( Table 1) . Most of the populated areas of South Africa, where land is privately owned, were categorized as areas of potential conservation concern due to ungulate introductions (Fig. 6) . No significant relationships between propagule pressure and indigenous ungulate species richness or average annual income were found (Table 1) .
Discussion
Trends and pathways
Many countries around the world have introduced large numbers of ungulates regardless of indigenous ungulate species richness. According to the available data South Africa has introduced more non-indigenous ungulates than any other , and (e) range contraction predicted as a result of predicted climate change for birds, mammals, reptiles, and invertebrates in South Africa according to Erasmus et al. (2002) . Table 1 -Generalized linear models (Poisson distribution, log-link function, correcting for over-dispersion) for propagule pressure. Best subset models were selected using Akaike information criterion (AIC) and Akaike weights (w i ). The direction of relationship is in superscript for each predictor variable and non-significant relationships are indicated by NS. All maximum log likelihood ratio chi-square (v 2 ) results were significant at p < 0.005. country except the United States of America. Overall, the absence of a relationship between indigenous and introduced ungulate species richness suggests that, at least on a geopolitical basis at the global scale, the 'rich get richer' hypothesis (Stohlgren et al., 1999) does not apply to ungulate introductions. Nonetheless, the introduction of ungulates is fundamental to the process of invasion, and having been introduced these species are likely to establish and spread, given enough time (Forsyth et al., 2004; Jeschke and Strayer, 2005) . Indeed, once extraregional ungulates have been introduced, the numbers of new introductions increase through space and time (Fig. 2) , suggesting that more feral populations are likely to establish. Several pathways for introductions clearly exist (Hulme et al., 2008) , and in South Africa many extraregional ungulates on private farms or reserves appear to have originated from zoos (e.g. Ross, 1997) . In some instances, non-indigenous ungulates such as Pè re David's deer (Elaphurus davidianus) and scimitar-horned oryx (Oryx dammah) originated from endangered species breeding centres in South Africa (see Brand, 1980) . Sales of non-indigenous ungulates from zoos to private landowners are common for other countries (Spear and Chown, 2008) , perhaps partly due to limited space in zoos (Lindburg, 1991; Lewandowski, 2003) .
AIC
Introductions of non-indigenous species from zoos in South Africa are likely to have been subject to a formal permitting process, and will not necessarily lead to the establishment and spread of non-indigenous species. Moreover, where introduced ungulates have no substantive effect on indigenous species and ecosystems, the risks associated with sales to private landowners are likely to be low. Nonetheless, the release of non-indigenous species from ex situ conservation institutions may be cause for at least some concern. As zoos have served as a pathway for introductions in the past their effect could be similar to that of the aquarium and pet trades, where the introductions of fish (Rixon et al., 2005; Weigle et al., 2005) , reptiles (Brown, 2006) and birds (Cassey et al., 2004) have led to invasions. In consequence, more attention needs to be given to relationships between the high value of zoos as facilities for ex situ conservation and for the education of the public regarding the value of biodiversity (both mandated by the Convention on Biological Diversity (CBD) -Articles 9 and 13 (United Nations, 1993)) and the risks of their contribution to activities of conservation concern that should be minimized (CBD Articles 6, 7, 10, and 14 (United Nations, 1993) ).
Ungulate translocations in South Africa are not restricted to species from outside the country but include re-introductions of indigenous species and their translocation extralimitally, extending extents-of-occurrence of species. The fat tailed frequency distribution of ungulate translocations as shown by the permit application data not only indicates potential for a rapid rate of spread of ungulates (see Trakhtenbrot et al., 2005) , but also considerable potential for genetic homogenization (see Olden et al., 2004) . In particular, the maximum distance of translocation was comparable to dis- tances typically observed between significantly different populations of ungulates (e.g. Arctander et al., 1999; Lorenzen et al., 2006) and was further than long distance migrations undertaken by ungulates (Berger, 2004) . Whether these translocations have resulted in introgression, or will do so in future, depends on the specific translocation and whether it spans boundaries of evolutionary significance such as major rifts, rivers or uplift areas (see Arctander et al., 1999; Pitra et al., 2002 for information on such boundaries in sable (Hippotragus niger) at the Africa-wide scale, and Moodley and Harley (2005) for mountain zebra (Equus zebra) in South Africa).
Having identified these risks, it should be noted that many early translocations (e.g. black rhinoceros (Diceros bicornis) from Kenya to the Addo Elephant park in the Eastern Cape of South Africa (Penzhorn, 1971 ) -excluded from Fig. 4) , were undertaken to lessen the risk of extinction for entire species, and other considerations were given lower priority in the face of substantial threat to the species as a whole (Griffith et al., 1989) . Modern conservation may be faced with similarly difficult decisions, but wherever possible consideration should be given to the extent to which translocations might cross boundaries of considerable evolutionary significance. Not only might such introductions result in the loss of amongpopulation diversity (see above and Storfer, 1999) , but conservation actions are also only effective if they retain the potential for further evolutionary change in their target organisms and environments (Ashley et al., 2003; Pressey et al., 2003; Forest et al., 2007) .
In addition to considerable translocation distances, we also found that areas with high human population densities are characterized by particularly high propagule pressure from extralimital species. However, propagule pressure was not related to either indigenous species richness or average annual income. Thus, it seems that the major reason for high propagule pressure in high human density areas may have more to do with the probability of the survival (and perhaps reproduction) of the animals (see also Chown et al., 2003; Evans et al., 2006) , than with factors such as economics. These patterns of introduction may be self-reinforcing because high propagule pressure typically increases the likelihood that species will establish (Williamson, 1996; Forsyth and Duncan, 2001 ).
Realized impacts
As matters stand, the large increases in range sizes seen here are comparable with range alterations of c. 50% or more, calculated by Erasmus et al. (2002) for different taxa in South Africa, Meynecke (2004) for vertebrates in northern Queensland in Australia and Lawler et al. (2006) for mammals in the western hemisphere, as a result of predicted climate change. The estimates of range change in this study are also larger than range changes of less than 20% calculated by Harrison et al. (2006) for mammals in Europe and Thuiller et al. (2006) for mammals in Africa estimated as a result of predicted climate change. Whilst considerable concern has been voiced about the impacts of climate change on species range positions and sizes (e.g. Parmesan, 2006) , it is clear that for ungulates the magnitude of range alterations precipitated by humans can be much larger than those that are predicted to take place as climates change. Obviously, climate change frequently leads to range size reductions (e.g. Erasmus et al., 2002; Thomas et al., 2004) , which is not the case here. Moreover, the landscape context of range changes, owing to interactions among landscape alteration, introductions and climate change, is also very different because translocated individuals are moved to specific, often very favourable areas. It should also be recognized that direct human impacts and the influence of climate change may interact in ways that have not yet been sufficiently well explored.
Having identified the substantial translocation of ungulates to new areas, routes by which this might take place, and the potential for the development of conservation threats as a consequence of these translocations, the question remains of how much evidence exists to demonstrate that the potential threats are frequently realized. For South Africa, there is very little evidence. Lack of a demonstration of conservation problems caused by introductions does not mean that they do not exist. Indeed, elsewhere evidence for all of the above concerns has been recorded for ungulates (see Section 1). Moreover, there are good theoretical reasons to expect that such problems may arise (Gurevitch et al., 1992; Cunningham, 1996; Rhymer and Simberloff, 1996) . Clearly, many areas in South Africa could be subject to substantial impacts, given the extent of propagule pressure and the fact that these areas have substantial numbers of indigenous ungulates. It might therefore be argued that a precautionary principle should be applied on the basis of work undertaken elsewhere and theoretical advances in conservation biology. However, without a greater body of evidence that the potential impacts of introductions are being realized, conservationists may be hard pressed to make a good case for limiting activities, such as ungulate introductions for trophy hunting and ecotourism purposes, which may result in substantial economic benefit.
Supplementary data associated with this article can be found, in the online version, at doi:10.1016/j.biocon.2008. 10.031.
